In OWC systems, intensity modulation with direct detection (IM/DD) is commonly used where the transmitted electrical signal is modulated onto the instantaneous power of the optical emitter [6] . Therefore, the transmitted signal has to be realvalued and non-negative. To guarantee that the time-domain signals are real-valued, Hermitian symmetry can be imposed on the OFDM subcarriers. By adding a DC bias, the signal is forced to be non-negative and this scheme is called DC-biased optical OFDM (DCO-OFDM) [7] . DCO-OFDM is inefficient in terms of optical power since the DC bias does not carry information. Therefore, two schemes have been proposed to improve the power efficiency, namely, asymmetrically clipped optical OFDM (ACO-OFDM) and pulse-amplitude-modulated discrete multitone (PAM-DMT). In ACO-OFDM where only the odd subcarriers are used for modulation, the time domain signals are antisymmetric and can be directly clipped at zero [8] . PAM-DMT only modulates the imaginary part of each subcarrier and also allows asymmetric clipping at zero similar to that in ACO-OFDM [9] . However, ACO-OFDM and PAM-DMT only utilize half of the subcarriers or signal dimensions, resulting in an obvious spectral efficiency loss. A hybrid ACO-OFDM (HACO-OFDM) scheme is recently proposed in [10] , where ACO-OFDM signals occupying odd subcarriers and PAM-DMT signals using even subcarriers are combined in the time domain for simultaneous transmission. The HACO-OFDM retains the advantage of both ACO-OFDM and PAM-DMT, that is, high power efficiency since no DC bias is needed. Besides, it improves the spectral efficiency compared with ACO-OFDM and PAM-DMT.
The clipping noise of ACO-OFDM only appears on the even subcarriers, which is orthogonal to the desired signal, while the clipping noise of PAM-DMT only falls on the real part of each even subcarrier. Therefore, the ACO-OFDM symbols on the odd subcarriers are not distorted by clipping noise and can be directly recovered by simple fast Fourier transform (FFT) at the receiver [10] . After that, the clipping noise of ACO-OFDM on the even subcarriers can be regenerated and subtracted, so that PAM-DMT signals could be recovered using the imaginary part of the even subcarriers. While the receiver proposed in [10] is simple and straightforward, it does not fully utilize the property of HACO-OFDM to eliminate the interference between ACO-OFDM and PAM-DMT signals, which limits its performance.
In this paper, an iterative receiver is proposed to enhance the performance of HACO-OFDM in IM/DD based optical wireless systems, where the ACO-OFDM and PAM-DMT signals are recovered from the received signal iteratively. More specifically, the ACO-OFDM and PAM-DMT signals are detected in the frequency domain and then regenerated in the time domain. After that, the regenerated signals are subtracted from the received signals so that ACO-OFDM and PAM-DMT signals could be distinguished in the time domain. Based on the observation that half of the transmitted ACO-OFDM and PAM-DMT signals are zero in the time domain, pairwise clipping is utilized and half of the signals are set to zero to further reduce the effect of noise and estimation error, thus improving the system performance. In addition, unequal power allocation is proposed to guarantee that ACO-OFDM and PAM-DMT signals have similar performance in HACO-OFDM systems. Our simulations confirm that the proposed receiver could significantly improve the performance of HACO-OFDM systems with both equal and unequal power allocations.
The remainder of this paper is organized as follows. In Section II, the transceiver of HACO-OFDM is presented, while in Section III, our proposed iterative receiver is described. In Section IV, the performance of the proposed iterative receiver is compared to the conventional receiver, while the conclusions are drawn in Section V.
II. HACO-OFDM
In this section, we will give a brief review of ACO-OFDM and PAM-DMT and then address the basic principle of HACO-OFDM.
A. ACO-OFDM and PAM-DMT
In OFDM-based OWC systems with N subcarriers, the transmitted bit stream is mapped onto the complex-valued symbols, X k , k = 1, 2, . . . , N − 1, according to the chosen modulation scheme, such as PAM or quadrature amplitude modulation (QAM). Hermitian symmetry is imposed on the OFDM subcarriers to guarantee that the time-domain OFDM signals are realvalued, where we have X k = X * N −k , k = 1, 2, . . . , N/2 − 1, and the 0-th as well as the N/2-th subcarriers are set to zero. In addition, several schemes have been proposed to guarantee that the transmitted signals are non-negative such as DCO-OFDM, ACO-ODFM, PAM-DMT and HACO-OFDM.
For ACO-OFDM, only odd subcarriers are modulated. The frequency domain ACO-OFDM signals are as follows,
The time-domain OFDM signal is obtained by the inverse fast Fourier transform (IFFT) as [11] x ACO,n = 1
(2) which follows a half-wave symmetry as
Therefore, the negative part can be clipped without any loss of information:
for n = 0, 1, . . . , N − 1, where i ACO,n denotes the negative clipping noise of ACO-OFDM. It has been proved in [8] that the negative clipping noise only falls on the even subcarriers, which is orthogonal to the transmitted data on the odd subcarriers. Thus, the transmitted signal on the odd subcarriers could be recovered using simple FFT operation at the receiver. For PAM-DMT, all excluding the 0-th and N/2-th subcarriers are modulated with PAM signals. The frequency-domain PAM-DMT signals are as follows,
where Y k for k = 0, 1, . . . , N/2 − 1 denotes the real-valued PAM signal and j = √ −1. After IFFT, the time-domain PAM-DMT signal y PAM ,n follows a different half-wave symmetry as
and we have y PAM ,0 = y PAM ,N /2 = 0. Similar to ACO-OFDM, the negative part of PAM-DMT signal can also be directly clipped to y PAM ,n c as (4) without any information loss and the negative clipping noise only falls on the real part of each subcarrier [9] .
B. HACO-OFDM
Both ACO-OFDM and PAM-DMT only utilize half of the subcarriers or dimensions, resulting in a spectral efficiency loss by half. In order to improve the spectral efficiency, HACO-OFDM is recently proposed in [10] , whereby ACO-OFDM and PAM-DMT signals are combined to transmit simultaneously. In PAM-DMT, only the imaginary part of even subcarriers is modulated by PAM symbols to make sure that the ACO-OFDM symbols are not interfered. The clipping noise of PAM-DMT with only even subcarriers modulated is only on the real part of the even subcarriers according to [10] . The combined transmitted signal of HACO-OFDM in the time domain is given by
for n = 0, 1, . . . , N − 1 and DC bias is not required as in ACO-OFDM and PAM-DMT. At the receiver, the shot noise and thermal noise is usually modeled as additive white Gaussian noise (AWGN) and the received signal is given by r n = z n + w n , n = 0, 1, . . . , N − 1, where w n denotes the sample of AWGN [12] . The received signal is fed to the FFT block and the frequency-domain symbols are generated as
The corresponding HACO-OFDM receiver architecture was proposed in [10] . The negative clipping noise of both ACO-OFDM and PAM-DMT only falls on the even subcarriers. Therefore, the ACO-OFDM symbols on the odd subcarriers could be firstly detected as [10] X ACO,k = arg min
where S ACO denotes the constellation set of ACO-OFDM. The factor of 2 in (8) is due to the fact that the clipping operation reduces the power of ACO-OFDM symbols in the odd subcarriers by half.
The estimated transmitted time-domain ACO-OFDM signal x ACO,n c could be regenerated byX ACO,k , and the negative clipping noise of ACO-OFDMÎ ACO,k in the frequency domain could also be estimated by FFT of x ACO,n c . After subtractingÎ ACO,k from the received frequency-domain symbols on the even subcarriers, the PAM-DMT symbols could be readily estimated aŝ
where S PAM denotes the constellation set of PAM-DMT.
III. ITERATIVE RECEIVER FOR HACO-OFDM

A. Proposed Iterative Receiver
While the conventional receiver proposed in [10] is simple and straightforward, it does not eliminate the interference thoroughly between ACO-OFDM and PAM-DMT signals, which limits its performance. To further improve the performance of HACO-OFDM, we propose a novel iterative receiver which reduces the interference between ACO-OFDM and PAM-DMT signals in the time domain, where pairwise clipping is inserted.
The proposed iterative receiver for HACO-OFDM is illustrated in Fig. 1 , where the uppercase letters denote frequencydomain symbols and lowercase letters represent time-domain signals. In each iteration, we firstly detect ACO-OFDM symbol on the odd subcarriers by using FFT. After that, ACO-OFDM time-domain signal is regenerated and subtracted from the received signal. The remaining signal is considered as the interfered PAM-DMT signal and pairwise clipping is applied to reduce the effect of noise and estimation error. The pairwise clipped PAM-DMT signal is fed to FFT module to detect PAM-DMT symbol, and we can also estimate the corresponding time-domain PAM-DMT signal. The estimated time-domain PAM-DMT signal is then subtracted from the received signal and pairwise clipping is employed to acquire more accurate ACO-OFDM signal. The receiver directly employs the received signal to detect ACO-OFDM symbol in the first iteration and the pairwise clipped ACO-OFDM signal is used in the subsequent iterations. More specifically, the design of the iterative receiver is detailed as follows.
In the first iteration, FFT is performed on the received signals and the detection of ACO-OFDM symbols is the same as (8) If the receiver noise and the estimation error are considered, we can rewrite (10) aŝ r PAM ,n = y PAM ,n c + w n + e ACO,n , n = 0, 1, . . . , N − 1 (11) where e ACO,n = x ACO,n c − x ACO,n c denotes the estimation error induced by the ACO-OFDM estimation, which follows a Gaussian distribution according to the central limit theorem.
For PAM-DMT, it is notable that half of the time-domain signals are set to zero due to (6) , and the remaining signals are non-negative. Therefore, for the pair of transmitted signals y PAM ,n c and y PAM , N −n c , n = 0, 1, . . . , N/2 − 1, one of them has to be zero. Similar to the algorithm proposed for ACO-OFDM in [13] , pairwise maximum likelihood detector is used for PAM-DMT to estimate the signals with value of zero. For n = 1, . . . , N/2 − 1, we use the following pairwise clipping: 
instead of (9) . The estimation in (14) is more accurate compared with (9) in the conventional receiver since part of the noise and estimation error are eliminated. It is used to further improve the accuracy of the estimation of the ACO-OFDM symbols in an iterative way, where the time-domain PAM-DMT signals are also regenerated and subtracted from the received signal. Then we havê r ACO,n = r n − ŷ PAM ,n c , n = 0, 1, . . . , N − 1, (15) wherer ACO,n contains both receiver noise and the estimation error of PAM-DMT and we can rewrite (15) aŝ r ACO,n = y ACO,n c + w n + e PAM ,n , n = 0, 1, . . . , N − 1,
where e PAM ,n = y PAM ,n c − ŷ PAM ,n c denotes the estimation error induced by the PAM-DMT estimation. As with the ACO-OFDM scheme, e PAM ,n also follows a Gaussian distribution.
Similar to the PAM-DMT signal, a pairwise clipping could also be employed to the ACO-OFDM signal to reduce the noise and estimation error. Due to the different symmetry structure of ACO-OFDM and PAM-DMT, we havê
In the second and subsequent iterations, the pairwise clipped ACO-OFDM signalr c ACO,n is used for detection, where we have the frequency-domain signalR c ACO,k after FFT, and the ACO-OFDM symbols on the odd subcarriers are estimated aŝ
instead of (8) .
We continue the iterations and conduct another estimation of PAM-DMT symbols to further improve the performance. The iterative receiver will stop until the maximum number of iterations is reached. Compared to the conventional counterpart in [10] , the complexity of iterative receiver has slightly increased, which requires one more IFFT and two pairwise clipping modules. The IFFT module has low complexity since it is usually integrated in hardware, and the pairwise clipping in (12), (13) and (17), (18) could be realized by simple comparison operations. Therefore, only slightly increased complexity will be caused.
B. Power Allocation
In HACO-OFDM, different modulation schemes are utilized in ACO-OFDM and PAM-DMT, which have different performance at the same SNR level. Specifically, PAM-DMT only employs one signal dimension of the even subcarriers, so the SNR value required for PAM-DMT to achieve the same bit error rate (BER) performance is much larger than that for ACO-OFDM with the same modulation orders. Besides that, if we use different modulation orders for ACO-OFDM and PAM-DMT, the required SNRs are also different. It is not desirable in practical systems since the information transmitted from both ACO-OFDM and PAM-DMT is preferred to have similar performance. Therefore, the unequal power allocation of ACO-OFDM and PAM-DMT is induced in this paper.
For ACO-OFDM with a QAM constellation of size M ACO and PAM-DMT with a PAM constellation of size M PAM , the BER performance of QAM and PAM can be formulated as [14] 
where E s denotes the electrical energy per symbol and N 0 represents the power spectral density of the noise. Given a required BER value P b , we could calculate the required E s /N 0 for M ACO -QAM and M PAM -PAM by numerical algorithms, then the power allocation of ACO-OFDM and PAM-DMT could be calculated by using the power allocation factor as
which denotes the proportion of optical power allocated to ACO-OFDM, where E s,ACO and E s,PAM denote the required electrical energy per symbol of ACO-OFDM and PAM-DMT to achieve the required BER.
IV. SIMULATION RESULTS
The BER performance of the proposed iterative receiver for HACO-OFDM was evaluated by simulations, in comparison to the conventional receiver proposed in [10] . Two different HACO-OFDM modulation schemes were used, namely, ACO-OFDM-4QAM with PAM-DMT-4PAM (Case 1) and ACO-OFDM-16QAM with PAM-DMT-16PAM (Case 2). The size of FFT/IFFT in the transmitter was set to 512 for both ACO-OFDM and PAM-DMT. We firstly generated 128 complex symbols from QAM constellations, which formed the input of the first IFFT block for ACO-OFDM. Another 127 real symbols (without the 0-th subcarrier) were generated from PAM constellations which formed the input of the second IFFT block for PAM-DMT, and the output of both branches were combined as the transmitted signals in the HACO-OFDM system.
The BER performance of the proposed iterative receiver and the conventional receiver is shown in Figs. 2 and 3 , where the power allocated to ACO-OFDM and PAM-DMT was assumed equal as in [10] and the iteration number of our proposed iterative receiver was set to 2. It can be clearly seen that our proposed iterative receiver outperforms the conventional counterpart. Specifically, at BER of 10 −3 , our proposed receiver achieves 1.20 dB and 1.90 dB gains for ACO-OFDM and PAM-DMT signals in Case 1, while the performance gains become 0.89 dB and 2.63 dB in Case 2. We could achieve more per- formance gain when E b /N 0 is higher and BER is smaller since the pairwise clipping is more accurate to eliminate noise and estimation error, which is also verified in Figs. 2 and 3 . At BER of 10 −4 , our proposed receiver achieves 1.49 dB and 2.04 dB gains for ACO-OFDM and PAM-DMT signals in Case 1, while the performance gains become 0.94 dB and 2.80 dB in Case 2.
It also can be seen that the E b /N 0 value required for achieving the BER level of 10 −3 for ACO-OFDM is much smaller than that for PAM-DMT, as analyzed in Section III-B. This difference is due to the fact that PAM-DMT only employs one signal dimension of the even subcarriers and it is also interfered by the clipping noise of ACO-OFDM. At high E b /N 0 regions, ACO-OFDM symbols are estimated more accurately, where the pairwise clipping operation is also more accurate. Therefore, the performance gain of our proposed iterative receiver is larger for PAM-DMT compared to that for ACO-OFDM as shown in Figs. 2 and 3 .
To guarantee that ACO-OFDM and PAM-DMT signals have similar BER performance at the same E b /N 0 , unequal power allocation should be considered. In our simulations, the required BER was set as P b = 10 −3 , and the corresponding power allocation factors were 0.3942 and 0.2650 in Case 1 and Case 2, respectively. The BER performance is shown in Figs. 4 and 5. It can be seen that the required E b /N 0 of ACO-OFDM and PAM-DMT is very close at the BER of 10 −3 for both cases, which is consistent with our theoretic analysis. Our proposed iterative receiver still outperforms the conventional receiver. Specifically, at BER of 10 −3 , our proposed receiver achieves 1.56 dB and 1.91 dB gains for ACO-OFDM and PAM-DMT signals in Case 1, while the performance gains become 2.05 dB and 2.62 dB in Case 2. At BER of 10 −4 , our proposed receiver achieves 1.78 dB and 2.00 dB gains for ACO-OFDM and PAM-DMT signals in Case 1, while the performance gains are 2.25 dB and 2.66 dB in Case 2. Additionally, channel coding is usually adopted in practice to further improve the system performance. For coded HACO-OFDM systems, channel decoder is employed after the symbol detection, and the decoded bits are used to get more precise estimation during the iterations. In our simulations, the lowdensity parity-check (LDPC) code of the IEEE 802.11 standard with a codeword-length of 1296 bits and a code rate of 2/3 was applied [15] . The belief propagation decoder was employed for this LDPC code [16] and the maximum number of decoding iterations was set to 10. The soft information for LDPC decoder was obtained by Max-Log-MAP algorithm, where loglikelihood ratio was calculated for each bit [17] . The power allocation factors we used were also 0.3942 and 0.2650 in Case 1 and Case 2, respectively. The detection iteration numbers of the proposed receiver were set to 2, 3, and 4. It can be clearly seen from Figs. 6 and 7 that the coded HACO-OFDM system significantly outperforms the uncoded systems in Figs. 4 and 5 , and the performance of our proposed iterative receiver is still much better than that of the conventional counterpart. At BER of 10 −6 , our proposed receiver achieves 1.38 dB after 2 detection iterations in Case 1. If we increase the detection iteration number to 3 and 4, the performance gain increases to 1.66 dB and 1.71 dB. In Case 2 with higher order modulations, the performance gains are 2.03 dB, 2.41 dB, and 2.64 dB when 2, 3, and 4 detection iterations are adopted. It can be seen that the performance of the proposed receiver with 4 detection iterations is very close to that with 3 detection iterations. If we further increase the detection iteration number, only small gain could be achieved at the cost of increased computational complexity and delay. Therefore, only a few detection iterations are required to achieve considerable performance gain in our proposed iterative receiver.
V. CONCLUSION
In this paper, an iterative receiver is proposed for HACO-OFDM in IM/DD based OWC systems, where the ACO-OFDM and PAM-DMT signals are transmitted simultaneously. In our proposed receiver, ACO-OFDM and PAM-DMT signals are detected iteratively and regenerated in the time domain, so that they can be distinguished and pairwise clipping is used to reduce the effect of noise and estimation error, leading to the improved BER performance. Unequal power allocation is employed to let ACO-OFDM and PAM-DMT have similar performance at the same SNRs. Simulation results show that the proposed receiver provides significant SNR gain over the conventional receiver for both equal and unequal power allocations. For LDPC-coded HACO-OFDM systems, the proposed receiver also outperforms the conventional counterpart even with a few iterations.
